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Abstract

Among the major proteins in the rat seminal vesicle secretion, transglutaminase catalyzed the cross-links among RSVS I–III. Six
peptide sequences determined from the trypsin digests of RSVS III were confirmed in the protein sequence derived from two par-
alogs, RSVS IIIa and RSVS IIIb gene, in rat 3q42. Their transcription units are organized with the first exon encoding a signal pep-
tide, and the second a secreted protein, whereas the third encompasses a 3 0-non-translated nucleotide that shares common features
of rapidly evolving substrates of transglutaminase (REST) gene family. These two genes have 99% identity in their coding region and
both express in adult rats with the same transglutaminase cross-linking site, manifesting functional preservation. All of REST genes
reported thus far for human and Muridae were mapped in a chromosomal locus between KCNS1 and SLPI suggesting the locus as
an active evolving region. The molecular evolution of this gene family is discussed.
� 2004 Elsevier Inc. All rights reserved.
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Seminal vesicle is a male mammalian accessory appa-
ratus observed in many but not all mammalian species.
Upon ejaculation, seminal vesicle secretions (SVS)
stored in the central lumen squirt into urethra to make
up the major part of the liquid portion of semen. Since
the fertility of mice as well as rat is greatly reduced if
their seminal vesicles are extirpated or removed [1,2],
this accessory sexual gland has great importance in
reproduction. This has prompted studies of the structure
and function of protein components of SVS.

The formation of the semi-solid gelatinous mass of
the human semen or the seminal plasma clotting in the
0006-291X/$ - see front matter � 2004 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2004.11.030

q This work was supported in part by Grants NSC92-2311-B-002-
019 and NSC92-2311-B-001-089. The nucleotide sequence reported in
this paper has been submitted to GenBank with Accession No.
AF323459.

* Corresponding authors. Fax: +886 2 23635038.
E-mail addresses: hanjia@gen-info.osaka-u.ac.jp (H.-J. Lin),

bc304@gate.sinica.edu.tw (Y.-H. Chen).
rodent semen arises subsequent to the discharge of lumi-
nal fluid from the male sexual glands and is generally
thought to involve transglutaminase-catalyzed cross-
linking of proteins in the SVS [3]. In human, the protein
substrates have been identified as human semenogelins I
and II (HSg I and HSg II), two of the predominant pro-
tein components of human SVS [4]. The HSg I/II-like
proteins have also been identified in the seminal vesicles
of other primates such as the rhesus monkey [5], the cot-
ton-top tamarin [6], and the marmoset [7]. In addition,
guinea pig SVP-1 [8], mouse SVS II [9], and rat SVS II
[10] in the rodent SVS have all been shown to be good
protein substrates of transglutaminase. The genes
encoding these protein substrates have similar organiza-
tion and comprise a characteristic three-exon transcrip-
tion unit in which the first exon encodes a short signal
peptide, the second exon encodes the protein in its en-
tirety, including a termination codon, and the third exon
is not translated. Moreover, there is a clear strong sim-
ilarity between their 5 0-flanking regions, first exons, and
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3 0UTRs, while the protein coding regions in their second
exons have experienced rapidly evolutionary change. As
a result, the protein substrates in the SVS of different
animals show great differences in their primary struc-
ture. Accordingly, they are referred to as the rapidly
evolving substrates for transglutaminase (REST) gene
family [11].

The evolutionary steps undergone by the gene fam-
ily as well as the physiological significance of their en-
coded proteins are still obscure. Our previous works
have established the genomic structure of mouse SVS
III and demonstrated it as a transglutaminase protein
substrate involved in copulatory plug formation [12].
Here, we report the duplication of the Muridae SVS
III gene in both the rat 3q42 and the mouse 2H3 re-
gions, and the preservation of these paralogous pair
with regard to their transglutaminase substrate
activity.
Materials and methods

Animals, proteins, and chemicals. Guinea pig liver transglutamin-
ase (EC 2.3.2.13), trypsin, monodansyl-cadaverine, and 3,3 0-diam-
inobenzidine were obtained from Sigma, St. Louis, MO, and
a-cyano-4-hydroxycinnamic acid was from Aldrich, Gillingham,
England.

Outbred Wistar rats were from the Charles River Laboratories
(Wilmington, MA.) and were maintained and bred in the animal center
at the College of Medicine, National Taiwan University. The seminal
vesicles and coagulating glands of adult rats were carefully dissected
free from each other. SVS was collected by squeezing and was diluted
with 50 volumes of 50 mM Tris/HCl containing 150 mM NaCl at pH
7.5.

Analytical methods. Protein concentration was determined using
the BCA protein assay [13]. According to the method of Laemmli
[14], SDS/PAGE was conducted. Assay of the transglutaminase-
catalyzed protein cross-links [15] and trypsin digests of protein in
the rat SVS followed the previous method [12]. The molecular mass
and peptide sequence were determined by a Micromass Q-Tof Ul-
tima MALDI (Waters, Milford, MA). To carry out mass spectro-
metric analysis, the peptide solution was mixed with an equal
volume of the matrix solution (1% a-cyano-4-hydroxycinnamic acid,
50% (v/v) acetonitrile, and 0.1% trifluoroacetic acid) and allowed to
air-dry on a sample target. The peptide sequences were identified
from the spectral peaks by the Mascot search program (http://
www.matrixscience.com/).

Rapid amplification of cDNA ends and genomic cloning. According
to the partial cDNA sequence of pSV-1, reported by Izawa [16], 5 0-
rapid amplification of cDNA ends (RACE) was applied to map the
transcription initiation site [17]. Total cellular RNA was prepared from
the seminal vesicles of adult rats using an Ultraspec-II RNA isolation
kit (Biotex, Houston, TX). The 5 0-RACE cDNA Synthesis Primer and
SMART II oligo (Clontech, Palo Alto, CA) were mixed with 1 lg of
freshly prepared rat seminal vesicle total RNA and the first-strand
cDNA synthesis was achieved by Superscript II reverse transcriptase
(Gibco BRL, Gaithersburg, MD). An oligonucleotide, 5 0-GGGG
CCTCTTCCTGTTCTTCTCTGTGTCC-3 0 which is complementary
to nucleotides 167–195 in the RSVS IIIa cDNA (Fig. 3A), and Uni-
versal Primer Mix were added to the 5 0-RACE-ready cDNA to amplify
the cDNA fragments which were sequenced to establish the tran-
scriptional initiation site using Adventage 2 Polymerase Mix (Clon-
tech, Palo Alto, CA). Two oligonucleotides, 5 0-ACACCACTTTCC
TTTGACTG-30 and 5 0-GAGCCTTCCTGACATCAT-3 0, were used
to amplify the 3 0 ends of RSVS IIIa and RSVS IIIb, respectively, by
using the same SMART RACE system.

According to the cDNA sequence (Fig. 3A), three oligonucleotides
(GSV1-3) were synthesized. GSV1 (5 0-CCCGGCTGCTTGCTTCT
CCAGAAGGA-3 0) and GSV3 (5 0-AACACTTGTTTTCTATTCTG
TGTAAC-3 0) are complementary to nucleotides 57–82 and 1135–1160,
respectively. GSV2 (5 0-GTGGAGGCCCTTCCTGGTAAG-3 0) is
complementary to nucleotides 2–27 in the RSVS IIIa cDNA (Fig. 3A).
PCR was used to amplify DF I from an adaptor-DraI library, DF II/
DF III from the PvuII libraries, and DF IV from the DraI library of
GenomeWalker kit (Clontech, Pola Alto, CA) using the adaptor pri-
mer (AP-1) and each of GSV1-3 as the primer pair (Fig. 3B). The PCR-
amplified DNA fragment was then ligated into the pGEM-T-easy
vector (Promega, Madison, WI) via TA cloning and the recombinant
plasmid was introduced into Escherichia coli JM109 strain by
transformation.

To identify and quantify the RNA messages of RSVS IIIa and RSVS

IIIb. Nucleotides 420–435 in the sequence shown in Fig. 3A and an-
other complementary to nucleotides 947–964 were prepared and used
as a primer pair to perform RT-PCR with the total RNA (0.2 lg) of
rat seminal vesicle. The PCR amplification program was: 94 �C for
30 s, 55 �C for 30 s, 72 �C for 30 s, and cycling 15, 20 or 25 times. The
PCR fragment was digested with 0.1 U/ll of SphI at 37 �C for 2 h, and
the digested sample was resolved by agarose gel electrophoresis. Each
DNA fragment was cloned and sequenced to confirm the expression of
both. For quantitative analysis, the gel bands were scanned and ana-
lyzed by the computer program, NIH image 1.62 (http://rsb.info.
nih.gov/nih-image/Default.html). The intensity of 545 bp gel band was
counted for the expression of RSVS IIIa, the 372 bp plus 173 bp bands
were counted for RSVS IIIb, and reaction products from different
amplification cycles were normalized to compare the relative amount
of each mRNA.

Northern blotting. A RSVS IIIa cDNA fragment (nucleotides 55–
435) inserted into the pGEM-T-easy vector or a cDNA fragment of the
rat glyceraldehyde-3-phosphated dehydrogenase (GAPDH) gene
(nucleotides 1209–1966) inserted into the pGEM3 vector was used as a
template to prepare 32P-labeled cDNA probes using a Promega ran-
dom-priming kit. The general procedures of Northern analysis were
followed [18]. The total RNA samples prepared from tissue homoge-
nates were separated on a denaturing 1.5% agarose/formaldehyde gel
and then blotted onto a nylon membrane filter by capillary transfer.
The membrane was hybridized with one of the two 32P-labeled probes
and the RNA messages on the filter were visualized by autoradiogra-
phy. The probe was then stripped from the membrane and the same
membrane was then hybridized with the other 32P-labeled probe. Thus,
hybridization with the two probes was performed on the same filter
membrane.

The comparison of genomic sequences. The nucleotide sequence of
RSVS IIIa gene established from this work was mapped on the entire
rat genome using BLAST (http://www.ncbi.nlm.nih.gov/BLAST/).
The cognate REST genes and the two marker genes, KCNS1 and
SLPI, were identified by Unigene (http://www.ncbi.nih.gov/entrez/
query.fcgi?db=unigene). The chromosome structures of human,
mouse, and rat were obtained from Mapviewer (http://
www.ncbi.nlm.nih.gov/mapview/). The nucleotide sequences of the
two genes were matched by dot plot, using the program, Compare,
which was provided by SeqWeb (http://gcg.nhri.org.tw/). The nucle-
otide sequences of the various genes concerned in this work were
collected from EMBL or GenBank and the accession numbers are
listed in parentheses for each gene: HSg I and HSg II (Z47556); rhesus
Sg II (X92589); tamarin Sg I (AJ002153); guinea pig SVP (U59711);
and mouse semenoclotin/MSVS II (XX91270); MSVS IIIa
(AF323459); MSVS IIIb (NT039210); MSVS IV (NM009300); MSVS

V (NM009301); MSVS VI (NM013679); RSVS II (J05443); RSVS IIIa
(this work); RSVS IIIb (XM215936); RSVS IV (NM012662); RSVS V

(NM133516); and RSVS VI (XM342575).
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Results

Protein characterization of RSVS III

Rat SVS proteins were resolved by SDS/PAGE into
five major bands designated RSVS I–V in the decreasing
order of Mr = 94,000–14,000 according to the report of
Ostrowski et al. [19] (Fig. 1A, lane 1). RSVS I–III could
be cross-linked in reaction buffer by transglutaminase to
form a high molecular weight complex, which incorpo-
rated monodansyl cadaverine and was retained at the
application site of the polyacrylaminde gel (cf. lane 2
of Figs. 1A and B). RSVS I–III were not cross-linked
when the enzyme activity was inhibited by the addition
of EDTA to the reaction buffer (lanes 1 of Figs. 1A
and B).

We digested the 34-kDaRSVS III band from the poly-
acrylamide with trypsin. The molecular masses of the
products were determined byMALDI-TOF from several
trypsin digest peaks (a–f on Fig. 2A). The peak e sample
was further analyzed to reveal the peptide sequence of
GYDLHQDLPQVR (Fig. 2B), which was confirmed as
present in the protein derived from the RpSv-1, an
incomplete gene sequence reported by Izawa [16]. Based
on the theoretical molecular mass estimated for each
peptide fragment that was predicted from trypsin diges-
tion of the RpSv-1 cDNA-deduced protein sequence,
Fig. 1. The transglutaminase-catalyzed protein cross-link among rat
SVS protein. To 20 ll of rat SVS solution, 3 lg guinea pig liver
transglutaminase in a reaction buffer of 50 mM Tris at pH 7.5, 75 mM
Ca2+, and monodansyl cadaverine was added in the absence of (lane 1)
or in the presence of 50 mM EDTA (lane 2). After incubation at 37 �C
for 60 min, the reaction mixture was resolved by SDS/PAGE using a
14% slab gel (10 · 8 · 0.075 cm). The gel was stained with Coomassie
brilliant blue (A) or observed under ultraviolet light to show the
fluorescence arising from monodansyl cadaverine (B). APP is the site
of sample application.

trypsin-digested RSVS III was subjected to mass spectral analysis. (A)
Determination of the molecular mass of each trypsin digest. (B) The
peptide sequence of the peak e sample on (A). The peptide sequence
listed in (A) was predicted from the Mascot search.
the MS-fit search results matched the peptide sequences
of TVAFLPIR for peak a, GQFLYGHR for peak b,
QQHANVHR for peak c, SQTKLKSHGASLK for
peak d, GYDLHQDLPQVR for peak e, and
APLHLQKDVSQQQIK for peak f.

The structural organization of RSVS III gene

According to the RpSv-1 cDNA, we used 5 0 and 3 0-
RACE to establish a complete cDNA sequence of
1184 bp that included a 5 0-untranslated region of
22 bp, an open reading frame of 795 bp, which encodes
the full length of a polypeptides chain consisting of 264
amino acid residues, and a 3 0-untranslated region of
367 bp, which ends with a polyadenylated region (Fig.
3A (GenBank Accession No: AF_525459)). Hereafter,
this gene will be referred to as the RSVS IIIa gene. Fur-
ther, we established a genomic sequence consisting of
3986 bp from the four DNA fragments (DF I–IV shown
in Fig. 3B). The genomic sequence was completely con-
firmed in the 3q42 region of rat genome. Alignment of
the genomic sequence with the cDNA identified a 5 0-
flanking region up to �1767 bp from the transcription
initiation site, three exons of 95, 1482, and 327 bp, in



Fig. 3. The genomic structures responsible for RSVS III. The RSVS IIIa cDNA sequence consisting of 1184 bp was established by cDNA cloning.
The nucleotides of exon 1 and 2 are in capital letters and those downstream exon 2, indicating exon 3 and partial 3 0-UTR, are in lowercase letters.
RSVS IIIb cDNA sequence was mapped from the rat genomic sequence and conformed with RACE analysis. Nucleotide numbers are relative to the
transcription start marked by *. The translation start and stop codons and the polyadenylated signal are marked by solid lines. The SphI restriction
site in RSVS IIIb cDNA is denoted by an open box. (B) The nucleotide sequences of DF I–IV (see Materials and methods) in a schematic diagram
were aligned to construct the sequence consisting of 3986 nucleotides, which were confirmed in the RSVS IIIa genomic sequence from the entire
genomic sequence of rat. The genomic structure includes three exons denoted by E1–3 (black bars), which were established from the cDNA sequence
shown in (A), 5 0-flanking region, and 2 introns (open bars).
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which the stop codon appears in the second exon, and
two introns of 230 and 89 bp (Fig. 3B). Thus, the tran-
scription unit of RSVS IIIa gene shows all the character-
istics of a REST gene.

In rat chromosome 3q42 region, we also mapped an-
other gene designated RSVS IIIb which shares a very
high similarity with RSVS IIIa through the entire geno-
mic sequence from 1.5 kb upstream of exon 1 to part of
exon 3. According to the dot plot match for the two
nucleotide sequences, 100%, 99.6%, 98.6%, and 94.8%
of nucleotides in the exon 1, intron 1, exon 2, and intron
2 regions are identical, respectively. By using 5 0 and 3 0-
RACE, we established the full length cDNA of RSVS
IIIb (Fig. 3A). There is a certain degree of variation in
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the nucleotide sequence downstream from the second in-
tron such that the nucleotide identity declines to 60% in
exon 3. The six peptide sequences established from the
mass spectral analysis were confirmed in both proteins
derived from these two sibling genes. If both are trans-
lated, the two proteins contain an equal number of ami-
no acid residues with almost identical amino acid
sequences at every position, except that K177, T227,
and I263 of RSVS IIIa are replaced by R177, M227, and
T263 in RSVS IIIb (Fig. 4). Furthermore, we searched
the mouse genome for the cognate genes. Surprisingly,
a similar situation occurs to the genes encoding MSVS
IIIa and MSVS IIIb, only N45, G82, V143, and F159 of
Fig. 4. The homologous alignment of the Muridae SVS III proteins. The pro
RSVS IIIb, MSVS IIIa, and MSVS IIIb were aligned from the translational s
acids in the pair of RSVS IIIa/RSVS IIIb or MSVS IIIa/MSVS IIIb are shown
spectral analysis for the trypsin digests of RSVS III are indicated by solid li
denoted in hatched boxes.
MSVS IIIa are replaced by S45, E82, M143, and Y159 of
MSVS IIIb (Fig. 4). It is worth noting that identity be-
tween two rat proteins is higher than any protein from
mouse and vice versa.

The exclusive expression of RSVS IIIa/RSVS IIIb in
seminal vesicles

The RSVS IIIb cDNA contains 592GCATGC596 that
is an SphI restriction site and this sequence is replaced
by 592ACATGC596 in RSVS IIIa cDNA (Fig. 3A). This
provides a method by which RSVS IIIb and RSVS IIIa
mRNA can be distinguished. As shown in Fig. 5A (in-
tein sequences deduced from the four genes responsible for RSVS IIIa,
tart. Identical sequence is denoted by a vertical bar. The variant amino
by gray or black boxes. The peptide sequences determined from mass

nes. The tandem repeats of the short peptide sequence QXK(S/T) are
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set), the PCR product for nucleotides 420–964 in Fig.
3A was a single 545 bp band and, on SphI digestion, it
was resolved to three bands of 545, 372, and 173 bp
by agarose gel electrophoresis. The 545-bp fragment
was confirmed to be nucleotides 420–964 of RSVS IIIa
cDNA, and the 173-bp fragment and 372-bp fragment
were, respectively, confirmed to be the nucleotides
420–592 and the nucleotides 593–964 of RSVS IIIb
cDNA. This supports the expression of both genes in
the seminal vesicle. Because the PCR primer pairs we
used have the same affinity to both genes, the PCR prod-
uct of each gene from the same application cycle should
be proportional to the amount of the template before
the reaction reached the plateau. Based on densitometric
scanning of the results from different amplification cy-
cles, RSVS IIIa mRNA was about twofold higher than
that of the RSVS IIIb mRNA (Fig. 5A).

We used the cDNA fragment, nucleotides 55–435,
which appear in both RSVS IIIa and RSVS IIIb cDNA,
to probe the total RNAs prepared from the reproductive
tracts, including seminal vesicle, epididymis, testis, coag-
ulating gland, vas deferens, prostate, uterus, vagina,
ovary, as well as non-reproductive organs such as lung,
Fig. 5. Expression of the mRNAs for RSVS IIIa and RSVS IIIb. (A) A DNA
IIIb cDNA was amplified by PCR. The amplified DNA alone (lane 1, inset) o
on a 1% agarose gel, which was stained with ethidium bromide to show the D
mRNA was measured by three experiments. The bars represent SD after norm
(lane 1), epididymis (lane 2), testis (lane 3), coagulating gland (lane 4), vas de
(lane 9), lung (lane 10), kidney (lane 11), brain (lane 12), spleen (lane 13), liv
cDNA probe.
kidney, brain, spleen, liver, pancreas, and heart. The
RNA message was abundant only in seminal vesicle
and was not detectable in the other tissues, indicating
an exclusive expression of both of these genes in seminal
vesicle (Fig. 5B).

Homology search of REST genes

Except RSVS I, we found that the genes encoding the
major rat SVS proteins are clustered at a 270 kb region
between a potassium voltage-gated channel, KCNS1

[20,21], and a secretory leukocyte protease inhibitor,
SLPI [22], on the rat 3q42 by the downstream order
of RSVS II, RSVS IIIb, RSVS IV, RSVS IIIa, RSVS
VI, and RSVS V with the first two having the same gene
orientation and the final four having an opposed orien-
tation (Fig. 6A). Despite the fact that RSVS IV and
RSVS V are not involved in the transglutaminase-cata-
lyzed protein cross-links in the rat SVS (Fig. 1A), their
genomic sequences still show the characteristic three
exon–two intron structure of a REST gene [11]. RSVS
VI is not involved in the plug formation either.
Although it is encoded by a four-exon genomic struc-
fragment of nucleotides 420–964 in both RSVS IIIa cDNA and RSVS
r its SphI-digested sample (lane 2, inset) was resolved by electrophoresis
NA bands. The intensity corresponding to RSVS IIIa and RSVS IIIb
alization. (B) Northern analysis of the total RNA from seminal vesicle
ferens (lane 5), prostate (lane 6), uterus (lane 7), vagina (lane 8), ovary
er (lane 14), pancreas (lane 15), and heart (lane 16), using a RSVS III



Fig. 6. A phylogenic tree of REST gene family. (A) The location of REST genes in the Muridae and human chromosomes. (B) The construction of a
phylogenic tree by the neighbor-joining method. The scale bar corresponds to 0.10 substitution per site and the bootstrap percentage on the basis of
1000 replicates is given at each duplication (d) and speciation (s).
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ture, its exons 1 and 4 show similar characteristics to
exons 1 and 3 of a REST gene [23]. Based on the afore-
mentioned features, we referred to this chromosomal re-
gion as the REST locus. Using KCNS1 and SLPI as
landmarks, we were able to define a similar 200 kb
mouse REST locus made up of MSVS II, MSVS IIIb,
MSVS IV, MSVS IIIa, MSVS VI, and MSVS V at
the mouse 2H3 locus with a similar order of genes as
their cognates in the rat 3q42 locus (Fig. 6A). Likewise,
the HSg I and HSg II were found within the 260 kb re-
gion between KCNS1 and SLPI at the human 20q13 lo-
cus (Fig. 6A). Thus, the REST genes exclusively
expressed in seminal vesicles may be clustered between
KCNS1 and SLPI on a mammalian chromosome.

To clarify the evolutional relationship of REST genes
from different mammals, we applied the neighbor-join-
ing method, the maximum parsimony method, the min-
imum evolution method, and the unweighted pair-group
method in Data Analysis in Molecular Biology and Evo-
lution (DAMBE) [24] to construct the phylogenic tree
from the 11 known REST genes whose translated pro-
teins are involved in transglutaminase-catalyzed cross-
linking in SVS. The phylogenetic tree from each method
shows a similar pattern. Fig. 6B displays one representa-
tive pattern established from the neighbor-joining meth-
od. These 11 genes are likely to have a common
evolutionary origin, and they are divided to two sub-
groups, with the Muridae genes in one subgroup, and
GP1G and the primate genes in the other. The nucleo-
tide substitution frequency suggested that GP1G and
the Muridae genes evolved faster than the primate genes
in which the human genes slowly evolved relative to the
tamarin/rhesus gene. It is of interest to note that GP1G
underwent rapid evolution without gene duplication
after it diverged from the primate semenogelin progeni-
tor. The primate REST ancestor gene duplicated to gen-
erate the two human paralogs, one HSg I ortholog in
tamarin, and one HSg II ortholog in rhesus monkey.
However, the Muridae REST genes experienced gene
duplication twice. Despite the relatively high substitu-
tion rate in Muridae REST gene, the highly homologous
RSVS IIIa/RSVS IIIb and MSVS IIIa/MSVS IIIb pairs
suggesting these genes were duplicated recently. We also
noted that the nucleotide substitution rate for the three
rat genes seems to be slower than the cognate mouse
genes, implying that rat may be closer to the Muridae
ancestor and this agrees with the fossil records [25].
Discussion

Except RSVS I/MSVS I, the genes encoding the ma-
jor Muridae SVS proteins are assembled in one chromo-
somal region designated the REST locus. Their genomic
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structures preserve a characteristic three exon–two in-
tron structure of the REST gene. A high level of se-
quence identity in their 5 0-flanking regions and first
exons suggests convergent evolution is necessary to ef-
fect a high-level expression of these secretory proteins
in the seminal vesicle, which has evolved to become
the only tissue capable of REST gene expression. The
unusual divergence of their second exons seems to be
coupled with the development of new gene functions.
Apparently, the mammalian REST locus has been a
very actively evolving region.

The SVS proteins may be functionally divided into
two groups, one with the transglutaminase substrate
activity for the semen gelating or clotting and the other
group having another function lack of the clotting abil-
ity. The transglutaminase protein substrates derived
from REST genes have a characteristically high content
of glutamine and lysine residues; both residues make up
22%, 27%, 30%, 20%, 21%, and 20% of the total amino
acid residues in HSg I, MSVS II, RSVS II, MSVS IIIa/
MSVS IIIb, RSVS IIIa/RSVS IIIb, and guinea pig SVP-
1, respectively. These two kinds of amino acids are fre-
quently localized in a specific peptide sequence that is
tandem-repeated in the central part of each protein.
For example, there are 20 tandem repeats of the se-
quence QVKSSGS that extends from residue 82 to 250
in MSVS II that consists of 375 amino acid residues
[9]. RSVS II contains 414 amino acid residues in which
there are 13 repeats of a consensus sequence
QSQLKSFGQVKSS spanning residues 86–298 of the
protein molecule [10]. A short peptide QXK(S/T) in
which X represents an aliphatic amino acid residue is
tandem-repeated 5 times in residues 116–145 of MSVS
IIIa/MSVS IIIb [12]. Such an oligopeptide sequence is
tandem-repeated 6 times in the central part of both
RSVS IIIa and RSVS IIIb (Fig. 4, residues 109–144).

It is believed that the repeat segments in these Muri-
dae RESTs result from internal duplication and that en-
hance its participation in the plug formation [11].
Previously, we demonstrated that one short peptide of
QXK(S/T) in MSVS III is sufficient to act as a transglu-
taminase substrate acyl donor as well as an acyl acceptor
for enzyme cross-linking [12]. Since RSVS IIIa and
RSVS IIIb contain equal number of such an oligopep-
tide substrate sequence, they may have the same trans-
glutaminase substrate activity. Together with the
finding that the RNA messages of both RSVS IIIa and
RSVS IIIb are present in the seminal vesicle, this sug-
gests the functional preservation of these paralogous
genes. Apparently, no member of the paralogous pairs
has degenerated to become a pseudogene. This also sug-
gests that the transcriptional elements, controlling the
specific expression manner of RSVS III, might be pre-
served in the duplication segment.

The peptide repeats in HSg and guinea pig SVP-1
are different from those in the Muridae proteins.
From sequence analysis, the second exons of the gen-
ome in a REST locus can be rapidly diversified after
the mammalian speciation by means such as internal
repetition or frequent mutation This has led to varia-
tions in length and the sequence of tandem-repeated
segments in each REST gene. Moreover, Hagstrom
et al. [27] suggested that GP1G and HSg II gene
evolved from a common ancestral gene with a single
sequence, which has been selected for function as a
coding exon in HSg II and as the first intron in
GP1G. Such finding provides an explanation for the
mechanisms of the rapid evolution of REST genes.
The rapid evolving of exon 2 might give species-spe-
cific transglutaminase-catalyzed sites or an active site
for other functions.

On the other hand, no tandem-repeated sequences
appear in MSVS IV/RSVS IV, MSVS V/RSVS V,
and MSVS VI/RSVS VI. These proteins have no clot-
ting ability and only exist in Muridae REST locus.
With more genes evolved (Fig. 6A) and higher substitu-
tion rate than the guinea pig and primate genes (Fig.
6B), the REST locus of Muridae is even more active
than other mammalians. These specialized REST genes
in Muridae may play roles other than plug formation
to meet their physiological needs. For example, RSVS
IV has been considered to be an immunomodulator
[26].

It is of interest to note that the REST genes with clot-
ting abilities were also reported to have other functions.
For instance, RSVS II is present in the nuclear matrix of
seminal vesicle to bind the promoter of RSVS IV gene
[28]. HSg I is able to inhibit sperm motility in addition
to its transglutaminase substrate activity [29]. GP1G en-
codes a precursor protein that is cleaved to three pro-
teins with a different function in a post-translational
proteolytic process [30]. Taken together, the semen gel-
ating or clotting ability may be not the only selective
pressure that has prompted the REST genes to undergo
rapid evolution in order to acquire different physiologi-
cal roles.

This work is the first to demonstrate that the sibling
genes RSVS IIIa and RSVS IIIb together with MSVS

IIIa and MSVS IIIb are apparently the last duplication
of a paralogous pair in the Muridae REST locus. It is
of interest to note that the second exons of the paralo-
gous pair are highly conserved and there is preservation
of their function. Thus, duplication of the Muridae par-
alogs does not fit the classical model for the evolution of
duplicated genes, but is consistent with the new concep-
tual framework of Force et al. [31,32], who have shown
how complementary degenerative mutations in different
regulatory elements of duplicated genes can facilitate the
preservation of both duplicates. The paralogs of Muri-
dae SVS III may serve as ‘‘living models’’ in the future
to trace the molecular evolution of the REST gene
family.
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